The transferred DNA genes of Agrobacterium tumor-inducing plasmid are transcribed in transformed tumor tissues. In nopaline-type tumor tissues, the nopaline synthase gene (nos) is one of the most abundant transcripts. Since the nos gene was considered to be constitutively active in various plant tissues, the promoter has been used for construction of plant-selective markers (Lichtenstein and Fuller, 1987) . Nevertheless, it was later found that the nos promoter activity was organ specific and developmentally regulated (An et al., 1988a) .
Four positive regulator factors affecting nos promoter activity have been previously identified: mechanical wounding, auxin, SA, and MJ Kim et al., 1993) . These studies revealed that the nos upstream region is essential for the responses to these stimuli. Site-specific mutations and fine deletion analysis of the nos promoter upstream region showed that a 20-nucleotide regulatory element located between -131 and -112 is essential for the promoter activity (Kim et al., 1994) . The element consists of ' This work was supported in part by National Science Foun-* Corresponding author; e-mail daizy@wsunix.wsu.edu; fax dation grant No. MCB-9304867.
1-509 -335-351 7. two hexamer motifs separated by an 8-nucleotide spacer sequence. Deletion of the immediate downstream region of the 20-nucleotide sequence between -112 and -101 significantly reduced the MJ and wound responses compared to the SA response. Similarly, CAAT box (-81 to -63) deletions also resulted in a significant decrease in MJ and wound response (Kim et al., 1993) . However, in these mutants SA signaling was not affected as much as that of MJ and wounding. These results suggest that the nos promoter upstream region containing the hexamer motif is essential for the SA, MJ, or wound response, whereas the CAAT box region and the sequence immediately downstream from the hexamer motif are required for maximum induction by MJ and wounding.
Jasmonic acid and its methyl ester MJ are naturally occurring plant growth regulators widely found in higher plants (Yamane et al., 1981; Meyer et al., 1984; Sembdner and Parthier, 1993) . They were first identified as a senescence-promoting substance and a growth inhibitor in severa1 higher plants (Ueda and Kato, 1980; Dathe et al., 1981; Staswick et al., 1992) . Low concentrations of jasmonate and MJ that are found in many plant organs can accumulate rapidly after wounding (Creelman et al., 1992; Koda and Kikuta, 1994) or treatment of plant tissues or plant cellsuspension cultures with funga1 elicitors (Gundlach et al., 1992; Mueller et al., 1993) . Among the MJ-inducible genes are those coding for proteinase inhibitors of tomato and potato (Farmer and Ryan, 1990; Kim et al., 1992) , soybean leaf vegetative storage proteins (Franceschi and Grimes, 19911 , and ribosome-inactivating proteins of barley (Reinbothe et al., 1994) , which are also wound inducible. It has been proposed that jasmonate and MJ may function as part of a signal transduction system involved in the regulation of plant defense responses to insects and pathogens (Farmer and Ryan, 1992) .
SA has been recognized as an endogenous regulatory signal in plants, especially during plant defense against pathogens (Malamy et al., 1990; Metraux et al., 1990; Raskin, 1992) . Severa1 lines of evidence indicate that endogenously produced SA is involved in the signal transduction pathway. Upon TMV infection, SA levels in TMV-Plant Physiol. Vol. 109, 1995 resistant tobacco (Nicotiana tabacum L. xanthi-nc) increase almost 50-fold to 1 p g / g fresh weight in TMV-inoculated leaves, and 10-fold in uninfected leaves of the same plant, but not in susceptible tobacco (Malamy et al., 1990) . Induction of PR-1 genes paralleled the rise in SA levels. In tobacco, exogenously applied SA induces the transcription of PR genes that are also induced by TMV infection (Ward et al., 1991; Yalpani et al., 1991) . The transgenic tobacco plants, engineered to express a salicylate hydroxylase (nakG) gene from Pseudomonas putidn, are unable to manifest a systemic acquired resistance response, since these plants cannot accumulate SA after pathogen infection (Gaffney et al., 1993) . Thus, it has been hypothesized that one of the consequences of pathogen infection is an accumulation of SA in vivo, which induces the expression of a set of proteins that act to further limit infection of the host.
Investigations into the components involved in the SA response have led to the identification of a SA-binding protein that has catalase activity (Chen and Klessig, 1991; Chen et al., 1993) . In vitro, the activity of the catalase is inhibited by SA; in vivo, catalase inhibitors including SA inhibit catalase activity and lead to increased H,O, levels and the induction of the PR-1 gene (Chen et al., 1993 (Baker et al., 1993; Legendre et al., 1993) , lignification (Peng and Kúc, 19921, phytoalexin production (Aposto1 et al., 1989) , lipid peroxidation (Rogers et al., 1988) , and oxidative cross-linking of cell-wall structural proteins (Bradley et al., 1992) .
In this study, we compared the effects of SA and H,O, on the wild type and various deletion mutants of the nos promoter using the cat reporter gene. The results showed that the effects of H,O, on the nos promoter have a closer correlation with MJ and wound responses than with that of SA.
MATERIALS AND METHODS

Plant Material and Growth Conditions
Transgenic plants were obtained by the co-cultivation method (An et al., 198817) using tobacco (Nicotiana tabacum L. cv Petit Havana SR1) grown aseptically on Murashige and Skoog agar medium supplemented with 3% Suc (Murashige and Skoog, 1962) . Kanamycin-resistant transformants were selected and grown in the greenhouse, and seeds were collected after self-fertilization. Seeds were germinated on Murashige and Skoog agar medium containing 50 p g mL-' of kanamycin, and healthy kanamycin-resistant plants were grown in greenhouse conditions. ). The CAT assay was performed usiiig 5 to 100 pg of total protein incubated with [14C]chloramphenicol substrate at 37°C for 30 min, and reaction products were separated by TLC (An et al., 1988b) .
RNA Preparation and Gel Blot Analysis
The fifth through ninth mature leaves were harvested, wounded, and treated as described above. Leaf sainples were immediately frozen in liquid nitrogen. RNA was extracted from frozen leaf tissues homogenized using a mortar and pestle. Ice-cold 2 mL g-' GTC buffer (4 M guanidine isothiocyanate, 25 mM sodium acetate, 5 mM EDTA, 0.15 M P-mercaptoethanol) was added to the ground tissue. Extraction mixtures were centrifuged at 10,000 rpm for 15 min at 4°C. Supernatants were transferred into 15-mL centrifuge tubes and CsCl was added to give a final concentration of 0.2 g/mL. Supernatants were then layered slowly over 4.5 mL of 5.7 M bakedl CsCl solution and ultracentrifuged for 8 h at 55,000 rpm. The RNA pellets were suspended in 0.4 mL of RNase-frete H,O, pheno1:chloroform extracted, precipitated with ethanol, and resuspeitded in 100 to 150 mL of RNase-free H,O. Total RNA concentration was quantified spectrophotometrically. Integrity of the RNA samples was checked by agarose (1.3%, w/v):formaldehyde (2%, v/v) gel electrophoresis followed by ethidium bromide staining.
Thirty-to 50-pg total RNA samples size-fractionated by gel electrophoresis were transferred to Hybond-Ni nylon membrane (Amersham) by capillary blotting for approximately 15 h and then baked at 80°C for 2 h. Hybridizations were performed at 60°C in 0.25 M Na,P04 (pH 7.2), 7% SDS, and 10 mg mL-' BSA (Church and Gilbert, 1984) to radioactive probes synthesized by randomly priming a SmaI fragment containing the entire cat coding region using CP[~~P]~CTI' and T7 DNA polymerase (T7 QuickPrime Kit, Pharmacia). The blots were first washed in a solution of 0.2X SSPE (30.2 mM NaC1, 2 mM Na,HPO,, 2 mM EDTA, pH 7.4) and 0.1% SDS at 40°C for 5 min followed by a second wash at 60°C for 10 min and a final wash at 60°C for 0.5 to 1 min. The blots were exposed to x-ray film at -70°C with intensifying screens and the film was analyzed using an LKB (Bromma, Sweden) 2202 ultrascan laser densitometer to quantitate the relative expression levels of "A.
RESULTS
Stimuli Treatments
A11 of the experiments were performed with the first or second progenies of transgenic plants. Leaves from 8-week-old plants were used to study the effects of the following chemical stimuli: 1 mM SA (Sigma), 5 mM H,O, ecule between the nos promoter and the cat reporter gene were treated with different concentrations of H,O, for 22 h. The results in Figure 1 show that maximum concentration of H,O, for nos promoter activity was 15 mM. Twenty millimolar H,O, resulted in some inhibition of nos promoter activity that coincided with decreased total protein content, probably due to leaf tissue damage. However, 5 mM H,O, induced nos promoter activity more than 75% of the maximum induction and did not exhibit any apparent damage on the leaf tissues. Thereafter, 5 mM H,O,, a level used for PR gene induction (Chen et al., 19931 , was used for a11 other experiments in this study. In the following experiments the induction by 5 mM H,O, is compared with that of 1 mM SA or 50 VM MJ. Previous studies showed that these levels of SA and MJ dramatically induced nos promoter activity (Kim et al., 1993) .
lnduction Kinetics
We have examined whether there is any correlation between H,O, and SA effects on nos promoter activity.
To define the possible relationship between these two chemicals, we first compared the induction kinetics of each chemical individually. Figure 2 shows that CAT activity was most rapidly induced by SA treatment. By comparison, H,O, treatment induced CAT activity more slowly during the first 8 h, followed by a dramatic increase. This induction pattern is similar to that of wounding and MJ treatments. Upon normalizing CAT activity for each treatment at 22 h as 100%, the induction kinetics of the H,O, treatment was similar to that of wounding and MJ (Fig. 2B) . During the first 8 h of incubation, CAT activity induced by H,O,, MJ, or wounding increased to about 15% of the maximal activity, whereas SA treatment enhanced CAT activity up to 52%. After 11 h of incubation, CAT activity induced by H,O,, MJ, or wounding increased rapidly. These results suggest that the induction mechanism of H,O, may differ from that of SA. To confirm these observations, the effects of various stimuli were studied by quantifying mRNA levels (Fig.  3) . As was found with the CAT activity, the mRNA accumulation pattern of H,O, treatment was very different from that of treatment with SA, and much more similar to that of treatment with MJ. The transcript level of the cat reporter gene induced by SA increased very early, reached a peak within 3 h, and then decreased to low levels during the extended incubation period. For H,O, or MJ treatments, however, the level of mRNA of the cat reporter gene continued to increase during 11 h of incubation. provides a further test of the possible relationship between SA and H 2 O 2 on the nos promoter. Leaf discs were treated with either 1 mM SA, different concentrations of the antioxidants NAC or catechol, or 1 mM SA with different concentrations (0-30 mM) of the antioxidants NAC or catechol for 11 h. Figure 4 shows that 1 mM NAC or catechol treatments did not affect wound or SA responses. Concentrations of the chemicals ranging from 50 JU.M to 30 mM all showed similar results (data not shown).
Deletion Analysis
Previous studies showed that the full-length nos promoter (5'-263) and the 5' deletion mutant -155 were induced to similar levels of activity by SA or MJ (Kim et al., 1993) . In the internal deletion mutant -112/-101 and the CAAT box deletion mutant -81/-63, however, the MJ response was significantly reduced compared to that of SA. If the induction by H 2 O 2 shares the same signaling pathway with SA, these two deletion mutants should not affect the H 2 O 2 response. Therefore, the responses to SA, H 2 O 2/ and MJ were examined in transgenic tobacco plants carrying the deletion mutants (Ha and An, 1989) . At least four transgenic plants for each deletion mutant that previously showed positive expression of the cat reporter gene were measured for CAT activity.
The results shown in Figure 5 demonstrated that transgenic plants carrying the full-length nos promoter or deletion mutant 5'-155 were induced to similar levels by SA, H 2 O 2 , and MJ. In the deletion mutants -112/-101 and -81/-63, the induction by H 2 O 2 and MJ was dramatically decreased, whereas the induction by SA was maintained at relatively high levels. Figure 6 shows the levels of mRNA accumulated after 5 h of wounding, SA, H 2 O 2 , or MJ treatments of the fulllength nos promoter and deletion mutant -81/-63. In the full-length promoter (Fig. 6A) , substantial amounts of the cat mRNA accumulated as a result of H 2 O 2 , SA, or MJ treatments, whereas in the deletion mutant -81/-63 (Fig.  6B) , only SA treatment resulted in a detectable level of mRNA accumulation.
DISCUSSION
Previous studies have shown that the nos promoter is induced by wounding, auxin, SA, and MJ Kim et al., 1993 Kim et al., ,1994 ). The present study shows that H 2 O 2 also induces nos promoter activity. H 2 O 2 is hypothesized to be involved in the signal transduction pathway for PR genes during induction by SA. However, there are some discrepancies in the effects of H 2 O 2 on PR genes. Chen et al. (1993) found that increasing H 2 O 2 levels, either directly or by elevating SA, caused an increase in PR-1 accumulation. However, induction of acidic-type PR-1 accumulation by SA was unaffected by the antioxidants NAC and pyrrolidine dithiocarbamate, which should destroy H 2 O 2 (Green and Fluhr, 1995) . Further evidence for the existence of non-ROS-requiring pathways for SA comes from studies of systemic induction of PR gene expression in tobacco. It has been shown that even very slight increases in SA levels in systemic tissue can induce PR gene expression by means of an undefined pathway that was suggested not to include H 2 O 2 (Vernooij et al., 1994) .
Much of the information on the relationship between SA and H 2 O 2 was obtained from studying the effects of these chemicals on PR genes. We have studied the relationship of the two chemical signals in controlling a different promoter to investigate whether these effects can be generally applicable to other genes. In this study, we have observed that the induction pattern of the nos promoter by H 2 O 2 was significantly different from that of SA. It is interesting that the H 2 O 2 induction kinetics were very similar to those caused by wounding or MJ treatments. The induction of (Bowler et al., 1992) . The function of antioxidants in living cells is to prevent the accumulation of ROS such as H 2 O 2 , superoxide, and hydroxyl radicals. NAC and catechol are two nontoxic chemicals used for in vivo and in vitro studies as antioxidants. The NAC can directly scavenge oxidants and increase intracellular glutathione levels (Roederer et al., 1990) . If SA response is related to H 2 O 2 , the SA effect should be altered in the presence of antioxidants. However, in this study we found that NAC and catechol did not affect SA response.
The mRNA accumulation kinetics also provided further evidence of the different induction mechanisms between SA and H 2 O 2 . Induction of mRNA level by SA rapidly reached a maximal level by 3 h. The rapid and transient induction of the 35S promoter by SA treatment has also been reported (Qin et al., 1994) . We found that, in contrast to SA, treatment with H 2 O 2 or MJ slowly increased the mRNA level. These results further indicate that the H 2 O 2 response may have a different mechanism from that of SA.
To confirm the above conclusions, deletion mutants of the nos promoter were used. It was shown previously that the nos promoter was induced to a similar level by 1 mM SA and 50 IJ.M MJ and that deletions of either the -112/-101 or -81/-63 region affected the MJ response much more strongly than the SA response (Kim et al., 1993) . In this study, we have demonstrated that deletion of the -112/ -101 or -81/-63 region significantly reduced the H 2 O 2 response compared to that of SA. The results illustrate that these regions are important for the effects of H 2 O 2 as well as for the MJ response.
Our observations suggest that SA may affect the induction of plant genes by at least two different pathways. As proposed from the studies of PR proteins, SA interacts with catalase, thereby increasing the level of H 2 O 2 , which triggers various cellular responses. This process is slow (oc- 
